We report on inelastic neutron scattering measurements that find incommensurate itinerant like magnetic excitations in the normal state of superconducting FeTe0.6Se0.4 (Tc=14K) at wave-vector Qinc = (1/2 ± , 1/2 ∓ ) with =0.09(1). In the superconducting state only the lower energy part of the spectrum shows significant changes by the formation of a gap and a magnetic resonance that follows the dispersion of the normal state excitations. We use a four band model to describe the Fermi surface topology of iron-based superconductors with the extended s(±) symmetry and find that it qualitatively captures the salient features of these data.
We report on inelastic neutron scattering measurements that find incommensurate itinerant like magnetic excitations in the normal state of superconducting FeTe0.6Se0.4 (Tc=14K) at wave-vector Qinc = (1/2 ± , 1/2 ∓ ) with =0.09 (1) . In the superconducting state only the lower energy part of the spectrum shows significant changes by the formation of a gap and a magnetic resonance that follows the dispersion of the normal state excitations. We use a four band model to describe the Fermi surface topology of iron-based superconductors with the extended s(±) symmetry and find that it qualitatively captures the salient features of these data. Magnetism is a key ingredient in the formation of Cooper pairs in unconventional high temperature superconductors 1 . A consequence of magnetism and the symmetry of the superconducting order parameter is a magnetic resonance that has been detected through inelastic neutron scattering for a wide range of magnetic superconductors ranging from the heavy fermion systems 2, 3, 4 , to cuprates 5, 6, 7, 8, 9 , and more recently in the iron based superconductors 10, 11, 12 . In each class of materials the features of the resonance in S(Q, ω) are different and are directly related to the electronic degrees of freedom, providing vital clues to the role of magnetic fluctuations in each case. We report inelastic neutron scattering measurements showing that the magnetic excitations in FeTe 0.6 Se 0.4 are incommensurate and itinerantlike, and that upon entering the superconducting state only the lower energy part of the spectrum shows significant changes by the formation of a gap and a magnetic resonance that follows the dispersion of the normal state excitations. Using a four band model that describes the Fermi surface topology of iron-based superconductors and the extended s(±) symmetry, we can qualitatively describe the salient features of the data. The good agreement between theory and experiment found here may provide clues to a better understanding of the magnetic resonance in high-T c cuprate superconductors.
In cuprate superconductors a magnetic resonance, whose energy scales with the superconducting energy gap, is a saddle point of a broader spectrum of magnetic excitations 6, 7, 8, 9 . The interpretation of the magnetic resonance and its relationship to superconductivity is complicated in the cuprates due to the occurrence of charge stripes and the pseudogap phase that lead to hotly debated models such as quantum excitations from charge stripes 9 , or spin excitons from a particle-hole bound state of a d-wave superconductor 13, 14, 15 .
A far clearer picture has emerged in the iron based superconductors partly due to their more itinerant nature. It was realized early on that the nesting between hole and electron Fermi surfaces related by the antiferromagnetic wavevector Q AF = (π, π) in the undoped iron superconductors, might also be responsible for unconventional superconductivity of the so-called extended s(±)-wave symmetry 16, 17, 18, 19, 20 . The remarkable feature of this superconducting order parameter is the different sign of the superconducting gap on bands that are separated by Q AF can yield a magnetic resonance in the form of a spin exciton 21, 22, 23, 24, 25, 26, 27, 28, 29 at the same wavevector.
This picture suggests that the continuum of magnetic excitations will be gapped in the superconducting state up to twice the energy of the superconducting gap, 2∆ and that an additional feature, the magnetic resonance will occur at an energy ω res < 2∆. The latter is a consequence of both the unconventional symmetry of the superconducting order parameter which enhances the continuum at 2∆, and the residual interaction between the quasiparticles that shifts the pole in the total susceptibility to lower energies. While so far the magnetic resonance has been observed in iron based superconductors at commensurate wavevectors, the itinerant origin of the magnetic fluctuations suggests that in the doped superconducting compounds, the nesting could be incommensurate.
In order to understand the extended magnetic excitation spectrum in iron based superconductors we have chosen to examine the doped binary superconductor FeTe 0.6 Se 0.4 with a superconducting T c =14K, using inelastic neutron scattering (INS). The availability of large and high-quality single crystals and the simplicity of its crystal structure (tetragonal P 4/nmm unit cell 30 ) compared to other iron based superconductors make this system attractive for further examination. In this work we describe the measurements in momentum space in units of Q=(π/a,π/a) while we omit reference to the c-axis direction for clarity as Q z =0 throughout. The portion of reciprocal space probed is shown in Fig. 1(e) , which was not explored in a previous study 12 .
FeTe 0.6 Se 0.4 crystallize in a primitive tetragonal structure P4/mmn, with a=3.80Åand c=6.02Å. High quality single crystal samples of this composition were prepared as described previously 12 . Inelastic neutron scattering measurements were collected using the triple axis spectrometer IN8 operated by the Institut Laue-Langevin (ILL), with the sample mounted with the c−axis vertical giving us access to spin excitations within the basal ab-plane. The neutron optics were set to focus on a virtual source of 30 mm. Measurements were made with the (002) In the normal state we find steeply dispersive magnetic excitations that we have measured up to 80 meV, Fig. 1(a,b) . At higher energies, two excitations are clearly resolved in the transverse scans. At lower energies (2-6 meV), the two peaks merge to a broad response, far wider than the resolution function (∆Q∼ 0.06 r.l.u. measured on the (200) Bragg peak). These lower energy data at 20K are best modeled with two excitations as shown for example for the 6 meV data in Fig. 1(a) . In Fig. 2 (a) we show the lower portion of these transverse scans in the normal state as a color map where in addition we plot as black points the Q-position of the excitations determined by fitting Gaussian peaks to the data of Fig. 1 . The dispersion of these excitations is linear up to 80 meV as shown in Fig.3(a) , and the points for the lower energy excitations fall on the same line confirming our above analysis. Extrapolating the centers of these excitations to zero energy, red lines in Fig. 2(a) , it is clear that they do not converge to the commensurate Q= (1/2, 1/2) wavevector but to the incommensurate positions of Q inc = (1/2 ± , 1/2 ∓ ) with =0.09(1). We note that for the FeTe end-compound with lower excess Fe, static antiferromagnetism appears at Q=(1/2,0)
30 .
Longitudinal scans (not shown) between 2 and 80 meV through these spin excitations show that they are well defined isolated maxima and not parts of spin-wave cones as found in insulators, a conclusion concurred also in other recent INS measurements 31 . Therefore, we argue that magnetic excitations in the normal state of the superconductor FeTe 0.6 Se 0.4 consist of a single-lode excitation continuum from each incommensurate Q inc . This behavior in S(Q, ω) is reminiscent of Fincher-Burke excitations reported for many itinerant magnetic materials that are close to an antiferromagnetic instability 32, 33, 34, 35 and indicates that an itinerant, rather than a local moment picture is relevant for this superconductor.
Cooling below T c we find substantial changes to the lower energy magnetic excitations, while our measurements indicate that the higher energy excitations remain largely unchanged when compared to the normal state measurements, see Fig. 1(b,d) . 40 The most pronounced changes are in the lower energy part of the magnetic excitation spectrum where the opening of a spin gap and the development of the magnetic resonance is observed as shown in Fig. 2(b) . Here a spin gap opens below ω=4 meV, while there is an enhancement of the spectral weight above the spin gap that peaks at ω res =6 meV. At higher energies the spectral weight returns to approximately the same values as the data found in the normal state, see Fig. 1 
Although the normal state magnetic excitations extend from incommensurate points it is important to establish if the magnetic resonance itself is centered on the commensurate wavevector Q=(1/2,1/2) or if it consists of two excitations originating from the two incommensurate wavevectors (at Q inc ) found in the normal state. For a more detailed analysis of the Q-scans across the resonance we subtract the 20K from the 2K data in order to obtain only the magnetic scattering contributing to the resonance (see below). These data are shown in Fig. 3(b) , while the centers of the resonant excitations are plotted in Fig. 2(b) . Between ω=7 and 12 meV, the data shows well separated resonant excitations that follow the normal state dispersions, while their intensity decreases with energy transfer giving only a minor superconducting enhancement at 12 meV. At the resonance, however, ω res = 6 meV, a "flat top" excitation is evident that can be modeled with two incommensurate peaks at Q res = ( The salient point of these measurements is that in the normal state the magnetic excitations show a behavior consistent with an itinerant antiferromagnet. The onset of superconductivity affects only the lower energy magnetic excitations and spectral weight is shifted upwards to follow the normal-state incommensurate wave-vector dependence except at the spin resonance energy.
Our INS results are qualitatively consistent with the extended s(±) model of the superconducting order parameter as we indeed observe the opening of a spin gap and the enhanced peak just above the gap as expected. However it is less clear if the magnetic resonance and its spectral weight in S(Q, ω) is consistent with this model. To clarify this we compute the magnetic susceptibility within the four-band model used previously to describe the Fermi surface topology in ironbased superconductors 27 and use the conventional random phase approximation (RPA) which describes the enhancement of the spin response of a metal in presence of the moderately strong (interband and intraband) repulsive interactions. In Fig. 2(c,d) hole-bands (α) and the two electron-bands (β) (see Fig. 4 in the Appendix) we find that in the normal state the spin response shows antiferromagnetic excitations centered on an incommensurate transverse wavevector with =0.03. These low-energy magnetic excitations in the metals, often called paramagnons, result from the proximity of the Fermi surface to a magnetic instability and in our model we find that they disperse linearly from the incommensurate wavevectors. While the RPA theory indicates two peaks for each incommensurate wave vector (counter propagating linearly dispersive modes), only a single peak is observed experimentally dispersing from each Q inc wave vector, suggesting stronger electronic damping than the current RPA treatment, as demonstrated previously by Moriya et al. 33 .
In the superconducting state, the magnetic susceptibility changes due to opening of the superconducting gap and the corresponding change of the quasiparticle excitations. Here the imaginary part of the bare interband susceptibility (i.e. without electron-electron interaction that yields RPA) is gapped for small frequencies and at the antiferromagnetic wavevector Q AF , the value of this gap is determined as Ω c = min
36 where ∆ 0 is the superconducting gap. Furthermore, above Ω c the imaginary part of the bare interband susceptibility shows the discontinuous jump implied by the Bogolyubov coherence factor (1 +
|∆ k ||∆ k+Q AF | ) and the condition ∆ k = −∆ k+Q AF . The latter is true for the s ± -wave symmetry of the superconducting order parameter. Correspondingly, the real part of the bare susceptibility is positive, diverges logarithmically at Ω c = 2∆ 0 , and scales as ω 2 at small frequencies 27 . Then, switching on the electron-electron interactions, we find within RPA that for any positive value of the interband interaction the total (RPA) spin susceptibility acquires a pole or spin exciton below Ω c with infinitely small damping. Therefore, other than the gapping of the spin spectrum, the most salient point of our analysis is that it predicts a spin exciton at ω res ≈ 6meV in the superconducting state that is located at the same incommensurate wavevectors as paramagnons in the normal state, a feature that is clearly found in our INS data. We stress here that the spin exciton is a property of the superconducting state and requires opposite sign of the superconducting order at the corresponding wave vector, i.e. ∆ k = −∆ k+Q AF . We remark that the actual spin gap in the neutron spectrum is smaller than 2∆ 0 which is again a consequence of the spin exciton formation in the superconducting state.
Our itinerant RPA like description is obviously not sufficiently accurate to describe all the detailed features of the spin excitation spectrum. For example, the value for the incommensurability is smaller than the experimentally observed and the dispersion of the paramagnons are steeper than observed as shown in Fig 2(c) . Nevertheless, our treatment captures the key points of the data, these being the incommensurate paramagnon excitations, the emergence of the spin gap and the superposition of the exciton in the superconducting state onto the paramagnon scattering.
At this point it is tempting to compare the structure in S(Q, ω) of the magnetic resonance between the iron based superconductors and the cuprates. We argue that there are two basic differences. First, in the iron based compounds the superconducting gap is almost constant at each of the Fermi surfaces, though the magnitude of the gap may differ on each of the pockets. Therefore, the resonance is not expected to show any additional features like a downward dispersion, as found in the cuprates. Secondly, in the iron based superconductors the main electronic interactions are local (weakly momentum-dependent) and smaller than the bandwidth. The resonance in the superconducting state is an additional feature to the initial structure of the magnetic susceptibility in the normal state, determined by the nesting the Fermi surface pockets. Once the nesting is incommensurate the resonance also shifts to the incommensurate wavevectors as we demonstrate in our measurements. To confirm this we have checked that if the nesting is restored the resonance returns to be fully commensurate. This is in contrast to the cuprates where the Fermi surface is far from being nested and the maximum intensity at (π, π) of the spin response is a consequence of the momentum-dependent strong superexchange interaction.
We note that there are intriguing similarities between this iron superconductor and the rare-earthand actinide-based superconductors UPd 2 Al 3 37,38,39 , CeCu 2 Si 2 3 and CeCoIn 5 4 . In all three compounds the magnetisation dynamics in the normal state are modulated in S(Q, ω). In the superconducting state (i) the low energy response is suppressed by the formation of a gap, (ii) a 'resonance' is formed at energies related to the superconducting gap energy and (iii) the higher energy dynamic response remains unchanged. In this iron superconductor T c is much higher than the rare-earth-and actinide-based superconductors making this behavior far clearer to observe.
To summarize, we find using inelastic neutron scattering that in the FeTe 0.6 Se 0.4 superconductor the magnetic resonance appears superimposed at the incommensurate wavevector as paramagnon excitations found in the normal state. Our simple RPA model of the magnetic excitations on the basis of the s(±) symmetry of the superconducting order parameters can qualitatively reproduce the main features of the neutron scattering data. The agreement supports an itinerant character of the spin excitations in iron-based systems and a spin spectrum determined by the single poles of Imχ with no extra contributions from localized moments. The success of this model stands in sharp contrast to the uncertainties still faced to fully understand the magnetic resonance in the cuprates. FG02-07ER46358 (for graduate students). Work at JHU was funded by the DoE under DE-FG02-08ER46544. DNA benefited from helpful discussions with Jan Zaanen and Alan Goldman. MMK is grateful to P.J. Hirschfeld for useful discussions and acknowledges support from RFBR (Grant N 09-02-00127) and OFN RAS program on "Strong electronic correlations I. APENDIX
A. Theoretical Calculations
The band structure calculations as well as the ARPES measurements show that the Fermi surface of iron-based superconductors consists of two hole (h) pockets centered around the Γ = (0, 0) point and two electron (e) pockets centered around the M = (π, π) point of the folded Brillouin Zone (BZ) 17 . We model the resulting band structure by using the following single-electron model Hamil-
where This parametrization is almost the same as the one for Ba 0.6 K 0.4 Fe 2 As 2 36 though the slightly different on-site energies and different parametrization of the α 2 band have been used to ensure the incommensurate nesting wave vectors between α and β-bands.
Next we consider the one-loop contribution to the spin susceptibility that includes the intraband and the interband contributions:
where i, j again refer to the different band indices. G repulsion denoted by U and J, respectively. Within RPA the spin response can be written in a matrix form: 
and we assume here J = 0.05eV and U ∼ 0.13eV. Note that the value of U was chosen in order to stay in the paramagnetic phase. The results are shown in Fig.5 where one clearly finds the incommensurate response in both normal and superconducting state.
